Abstract: Twon ew functionalized 4,4'-disubstituted2 ,2'-bipyridines that were end-capped with cyanoacrylic acid or cyanoacrylic acid ester anchoring groups, whichm ight allow their efficient functionalization on TiO 2 or other metal-oxide semiconductor surfaces, have been synthesized and characterized by electrochemical,p hotophysical, and spectroscopic measurements. The electrochemical and photophysical properties of these 4,4'-disubstituted 2,2'-bipyridines with extended p systems, in particulart heir LUMO energies, make them promising candidates to build up inorganic-organic hybrid photosensitizers for the sensitization of metal-oxide semiconductors (e.g.,T iO 2 nanoparticles and/or nanotubes).
Introduction
Owing to the finite supplyo ff ossil fuels and the negative impact of fossil-fuel usage on the climate, it is foreseeable that harvestings olare nergy will obviously become the main source of clean and renewable energy.F or this to be the case, solar energy in the form of light needs to be efficiently converted into storable forms, such as electrical power, or transformed into "solar fuel", such as hydrogen,t hrough photocatalytic water splitting. [1] Such light-harvestings ystems typicallycompriseaphotosensitizer dye and am etal-oxide or electron acceptor molecule, which show strong absorption cross-sections in aw ide range of the visible spectrum,a sw ella ss ufficiently high LUMO energies to allow efficient electron-transfer reactions to the acceptor (the metal-oxide semiconductor conductionb and or the HOMO of the moleculare lectron acceptor). Strongly fluorescent dyes based on nitrogen-containing heterocycles (e.g.,p yridines) are commonly employed as photosensitizer building blocks, [2, 3] because of their ease of synthesis;m oreover,d erivatizationo ft he pyridine ring allows fine-tuning of the optical and electronic properties of the buildingb locks, as well as attaching anchoring groups for linking to metal-oxide surfaces. [2b, 4] Organic bipyridine-based p-extended compounds have been employed as photoluminescent materialsi n, for example, nonlinearo ptics (NLO). Theses ystems absorb light through intramolecular charge transfer (ICT) and emit from the corresponding photoexciteds tate.
[5] Moreover,b ipyridine-, terpyridine-, or phenanthroline-based p-extended compounds are widelyu sed as ligandsi nm etal complexes (Figure 1) , [6] which are used in electrochemical applications, [7] in particular in lightemitting diodes [8] or as dyes for dye-sensitized solar cells (DSSCs). [2b, 4] These ligands enable the fine-tuning of the photophysical and electrochemical properties of the complexes by influencing the metal-to-ligand charget ransfer (MLCT) process. [9, 10] Such fine-tuning can either be performed by an p-acceptor ligand,w hich hasalow-lying p*molecular orbital, or as trong donor ligand, which destabilizes the metal t 2g orbitals. [6g, 11] Af urther possible method for modifying the spectroscopic and redoxp roperties of the complexes is through extension of the coordinating pyridine-based moiety with al arge p-extended system,t he so-called "antenna function", to suppress charge recombination by spatial separation. [12] Application of this method to p-conjugated 2,2'-bipyridines [6] has been dominated by using donor end-capped antennae.
To the best of our knowledge, examples of 2,2'-bipyridine 4,4'-based p-extendeds ystems that are end-capped with electron-withdrawing groups (which can also be used as anchoring acceptorm oieties on metal-oxide surfaces) are scarce; [6b, 13] therefore, the development of new derivatives is in high demand. Notably,o nly carboxylic acid (COOH) and ester (COOR) groups that were directly attached to the corresponding phenyl framework have been used as anchoring groups in these systemss of ar.H owever,c yanoacrylic acid groups are commonlyemployeda sa nchoring moieties of photosensitizers in DSSCs, [14] because excited electrons can be effectively injected into the conductionb and of TiO 2 through the carboxy anchoring group adjacent to the electron-accepting cyano group of the organic photosensitizer. [15] Interestingly, p-conjugated 2,2'-bipyridines with cyanoacrylic acids as anchoring acceptor moietiesh ave never been reported before. Herein,w er eport the synthesis and electrochemical and photophysical properties of new fluorescent 4,4'-p-conjugated 2,2'-bipyridines (5 and 6)t hat are end-capped with cyanoacrylic acid or cyanoacrylic acid ester moieties, and investigate their potential applications in photocatalytic processes, for example, as ligands in inorganic-organic hybrid hole-transport materials and DSSCs.
Results and Discussion

Synthesis
Our design of new 4,4'-p-conjugated 2,2'-bipyridines 5 and 6 was inspiredb yk nownn eutral organic dyes, which contain cyanoacrylic acid as an acceptorm oiety. [16] We assumed that the introduction of an additional C=Cd ouble bond between the 2,5-dimethoxyphenyl framework and the cyanoacrylic acid/ ester anchoring groups might increase the p conjugation and can result in ab roadera bsorption in the visible-light region of the electromagnetic spectrum.I na ddition, such molecules are synthetically more accessible in comparison to knownl iterature compounds 4,4'-p-conjugated 2,2'-bipyridines. [6b, 13] For the preparation of new bipyridine dyads, initially,afourstep literature procedure of 4,4'-bis(diethylphosphonatomethyl)-2,2'-bipyridine (1;F igure 2) wasp erformed, starting from commercially available4,4'-dimethyl-2,2'-bipyridine. [13] Figure 1. Known pyridine-based p-extended ligands and their metal complexes. [6b, c, f, g] Chem. Asian J. 2016 Asian J. , 11,1232 Asian J. -1239 www.chemasianj.org
To avoid the formation of side products in the subsequent Horner-Wadsworth-Emmons (HWE) reaction ( Figure 2 ), an additional dialdehyde-protection step was performed (see the Supporting Information). Thus, monoprotected dibenzaldehyde 4-(1,3-dioxalan-2-yl)2,5-dimethyloxybenzalde-hyde (2)w as synthesized under stoichiometricc ontrolb yu sing ethylene glycol and para-toluenesulfonic acid as ac atalyst. After purification by column chromatography on silica gel, monoacetal 2 was obtainedi nm oderate yield. Then, 4-(1,3-dioxalan-2-yl)2,5-dimethyloxybenzaldehyde (2)a nd 4,4'-bis(diethylphosphonatomethyl)-2,2'-bipyridine (1)i na2:1m olar ratio were appliedi n a trans-selective C=Cb ond-formingH WE reaction (Figure 2 ). pConjugated two-armed bipyridine compound 3 was obtained in excellenty ield without furtherp urification.A fter the successfulHWE coupling reaction, acidhydrolysis of the acetals regenerated the free aldehyde moieties in bipyridine compound 4 in almost quantitative yield.
At ypical Knoevenagel condensation reaction between freealdehyde-containing bipyridine 4 and an excess of cyanoacetic acid (as aC H-acidicc ompound) was performed with piperidine as ab ase to obtainc ompound 5 as an orange, sparingly soluble solid after trituration with THF and acetone. Owing to its insolubility,w ec ould not characterize this compound by 13 CNMR spectroscopy. To improvet he solubility of the bipyridine dyads, al esspolar ester function, rather than the carboxylic acid function derived from cyanoacetic acid, was desirable. Thus, aKnoevenagel condensation reaction was performed between aldehydecontaining two-armed bipyridine 4 and an excesso fc yanoacetic acid butyl ester (as aC H-acidic compound), which yielded target compound 6 with good solubility in CH 2 Cl 2 .
Adsorption Behavior
The utilization of molecular dyes in dye-sensitized solar cells necessitates that the bipyridine ligands bind to the surface of TiO 2 colloidst hrough an ester linkage. For this purpose, crystalline colloids are typicallyc oated with at hin layer of amorphous TiO 2 ,w hich provides ah igh number of reactive sites. [17, 18] Both compounds 5 and 6 adsorbed onto amorphous TiO 2 (Figure 3a) , even from the polar solvent DMSO (5). The spectroscopic ellipsometryc urvesd isplayed marked shifts upon soakingt he planar substrates in the corresponding solutions, and the curves did not revert to their initial states, even after extensive rinsing in pure solvent. The resultsw ere different on crystalline TiO 2 ,w hich provided fewer reactive surface sites. [17, 18] Compound 5 (end-capped with cyanoacrylic acid groups)d id not yield as table chemisorbed layer,w hereas compound 6 did ( Figure 3b ). This differencew as not owing to solvente ffects, because it was also observed if both compounds were dissolvedi namixture of CH 2 Cl 2 andD MSO (1:1 v/v). The difference could be owing to hydrogen-bonding interactions between the carboxylic acid moieties and the bipyridine units, which might significantly decrease the reactivity of the linker.
LUMO Energies
The next requirement of bipyridinel igandsf or use in dye-sensitized solar cells or other light-harvesting devices is that an electron that is photoexcited into the LUMO of the bipyridine must have sufficient energy to be injected into the TiO 2 conductionband.
Af irst approximationo ft he LUMO energy was obtainedb y using voltammetric methods. Figure 4s hows differential pulse voltammetry (DPV) curves for dilute solutionso fc ompounds 5 and 6.R eduction was observed at À0.22 Va nd À0.06 V( vs. NHE) for compounds 5 and 6,r espectively.T he differenceb etween these values was most likely owing to electrostatic (protonation)e ffects. Importantly,b oth reduction potentials were close the energy of the TiO 2 valenceband (À4.21 eV on the absolute scale, À0.31 Vv s. NHE). [19] Photophysical Properties
The ground-state absorption spectrao fc ompounds 6 and 5 in THF exhibited almost-identical characteristic absorptions, with bands in the UV and blue-lightr egions of the optical spectrum and maximaa t3 50 and 436 nm (6)a nd 346 and 430 nm (5; see Figure5and the Supporting Information, Figure S14 ).
Upon photoexcitationa t4 20 nm, solutions of compounds 6 and 5 in THF exhibited strongf luorescence between 450 and 750 nm, with maximaa t5 13 nm (6)a nd 496 nm (5)-s ee Figure 3 . Adsorption behavioro fc ompounds 5 (blue) and 6 (green) on TiO 2 studied by spectroscopic ellipsometry of Si/SiO 2 /TiO 2 wafers:a )with an amorphous TiO 2 layer (beforea nnealing) and pure DMSO( 5)o rC H 2 Cl 2 (6); b) with acrystalline TiO 2 layer (afterannealing) and DMSO/CH 2 Cl 2 (1:1, v/v) mixtures for bothc ompounds. In each case, threecurves are shown:before soaking( lightb lue/green),a fter soaking (blue/green), and after an additional overnight rinse in pure solvent (dark blue/green). Figure S15 . Fluorescence quantum yields of 0.075 (6)a nd 0.085 (5)i nT HF were calculated by using tetraphenylporphyrin (H 2 TPP) and zinc tetraphenylporphyrin (ZnTPP) as reference compounds, which have fluorescenceq uantum yields of 0.11a nd 0.03 in toluene, respectively. [20] Fluorescence lifetimes of 1.1ns( 6)a nd 1.3 ns (5)w ere obtainedu pon photoexcitation at 403 nm ( Figure 6 and the Supporting Information, Figure S15 ).
Transient absorptionm easurements based on femtosecond laser photolysis providedi nsighti nto the formation and fate of the exciteds tates, in particular the S 1 !S N transitions. Solutions of compounds 6 and 5 in THF were photoexcited with femtosecond laser pulses with aw avelength of 387 nm. Both samples showed essentially identicalt ransienta bsorption spectra, with two dominating maxima at 580 and 810 nm, which were owing to S 1 !S N transitions, accompaniedb yam inor minimum around 510 nm, which originated from spontaneous emission( see the fluorescences pectra), and poorly resolved transientb leaching about 430 nm, which mirroredt he groundstate absorption (see Figure 7a nd 
Conclusion
Herein, we have reported the synthesis and electrochemical and photochemical properties of two new symmetrically disubstituted bipyridines (5 and 6)t hat were end-capped with cyanoacrylic acid or cyanoacrylica cid ester moieties;t hese compounds are suitable as ligands for the generationo fm etal- based photosensitizers and for the chemical functionalization of TiO 2 .T heira dsorptionb ehavior on TiO 2 was studied by using spectroscopic ellipsometrya nd af irst approximation of their LUMO energies was obtained by using voltammetric methods. These measurements provided solid evidence for the efficient anchoring of compound 6 on TiO 2 and showed asufficient LUMO energy for efficient electron transfer into the TiO 2 conduction band.
Photophysical studies demonstrated the feasibility of these compounds as potential photosensitizer dyes. Particularly appealing was the combination of matching the LUMO energies relative to the TiO 2 conduction band with as ufficient longlived singlet first excited state (> 1ns), which we anticipate would give rise to efficient electron transfer from the disubstituted bipyridine derivative into the TiO 2 conduction band;t his property is expected to be confirmed in as ubsequent study. The synthesis of the corresponding Ru, Mn, and Fe complexes of our new organic photosensitizers (5 and 6;f or promising results from ap reliminaryc omplexation experiment, see the Supporting Information, Figure S17 ) and their covalentb inding to the surfaceo fT iO 2 nanoparticles and/or nanotubes fora pplications in visible-light photocatalytic water oxidation and/or DSSCs is currently underwayi no ur laboratory.
Experimental Section
Materials and General Procedures
4,4'-Bis(diethylphosphonatomethyl)-2,2'-bipyridine (1) [15] was prepared according to al iterature procedure. Chemicals were purchased from commercial sources and used without further purification. All solvents were purified by distillation, dried according to standard procedures, or of HPLC grade. All of the reactions were performed in flame-dried glassware under an itrogen atmosphere by using standard Schlenk techniques. Preparative (flash) column chromatography was performed on Acros Silica gel 60 (0.035-0.070) as the stationary phase. All products were dried under high vacuum ( 10 À3 bar). Thin-layer chromatography (TLC) was performed on precoated aluminum silica gel SIL G/UV254 plates (Macherey-Nagel &C o.). 1 Ha nd 13 CNMR spectra were recorded at RT on Bruker Avance300 and JEOL JNM GX 400 spectrometers at 300 MHz and 400 MHz, respectively.A ll chemical shifts (ppm) are related to undeuterated solvent. NMR data were processed by using the MestReNova program. MS (MALDI) analysis was performed on aS himadzu Biotech AXIMA Confidence;M S( ESI) analysis was performed on Bruker Daltonik maXis 4G or Bruker Daltonik micrOTOF II focus spectrometers. IR spectra were recorded on aV arian IR-660 apparatus;a bsorptions are reported in wavenumbers (cm À1 ).
Sodium tetrafluoroborate (NaBF 4 )a nd tetrabutylammonium tetrafluoroborate (tBu 4 NBF 4 )w ere purchased from Sigma-Aldrich and used as supporting salts. CH 2 Cl 2 and DMSO were purchased from commercial suppliers and used as received. The atomic layer deposition (ALD) precursor Ti(OiPr) 4 was purchased from Alfa Aesar,a nd water was purified immediately before use in aM illipore Direct-Q system. Boron-doped [100] CZ silicon wafers with 200 nm thermal oxide were purchased from Silicon Materials. Pt wire (Alfa Aesar) was used as the working and auxiliary electrodes;A g/AgCl (sat.)/ NaCl (3 m)w as purchased from Bionalytical Systems, Inc. (BASi)a nd used as areference electrode (+ +0.209 Vv s. NHE).
4-(1,3-Dioxalan-2-yl)2,5-dimethyloxybenzakdehyde (2) 2,5-Bis-methyloxy-1,4-dibenzaldehyd (500 mg, 2.58 mmol), ethylene glycol (187 mL, 3.35 mmol), and para-toluenesulfonic acid (9.80 mg, 2mol %) were dissolved in dry toluene (10 mL) and stirred for 21 h at reflux. After cooling to RT,the solution was washed with distilled water (3 20mL) , dried over MgSO 4 ,a nd the solvent was removed by rotary evaporation. Subsequently,t he crude product was purified by column chromatography on silica gel (petroleum ether/ EtOAc, 4:1v /v), and compound 2 was obtained as the main product in the second fraction after removal of the eluent as aw hite solid (307 mg, 1.29 mmol, 50 %y ield). 5, 156.6, 151.9, 133.7, 125.3, 110.8, 109.3, 98.7, 65.4, 56.2, 56 .2 ppm;M S(MALDI): m/z:238
As uspension of potassium tert-butoxide (65 mg) in anhydrous THF (6 mL) was added dropwise under anitrogen atmosphere to asolution of compound 1 (89 mg, 0.195 mmol) and 4-(1,3-dioxolan-2-yl)-2,5-dimethoxybenz-aldehyde (2;1 02 mg, 0.428 mmol) in anhydrous THF (2 mL) and the yellow-brownish reaction mixture was heated at reflux for 39 h. The reaction was quenched by the addition of water (HPLC grade, 30 mL) and, after filtration, the residue was taken up in CH 2 Cl 2 .T he filtered matter was extracted with CH 2 Cl 2 and the combined organic phases were dried with MgSO 4 . After removal of the solvent, the product was dried under vacuum. The title compound (3) 7, 151.9, 151.8, 149.5, 146.2, 128.2, 127.3, 127.0, 126.6, 120.8, 118.8, 110.0, 109.7, 99.0, 65.3, 56.3, 56 .1 ppm;M S(MALDI): m/z:625
2 m HCl (6 mL) was gradually added to as olution of compound 3 (119 mg, 0.190 mmol) in CHCl 3 (18 mL) and the red mixture was stirred for 14.5 h. Then, the organic layer was separated, washed with asaturated aqueous solution of NaHCO 3 and brine, and finally dried with MgSO 4 .T he solvent was evaporated and, to complete the deprotection step, the crude product was treated gradually with 2 m HCl (6 mL) in CHCl 3 (18 mL 0, 156.4, 156.1, 151.7, 149.4, 132.6, 129.9, 127.9, 124.9, 121.1, 119.1, 117.8, 110.4, 109.4, 56.2, 56 .1 ppm;M S (MALDI): m/z:537
Cyanoacetic acid (970 mg, 11.4 mmol) and piperidine (1.13 mL, 11.4 mmol) were added to as uspension of compound 4 (153 mg, 0.285 mmol) in dry MeCN (12 mL 
Butyl cyanoacetate (1.24 mL, 14.5 mmol) and piperidine (862 mL, 14.5 mmol) were added to as uspension of 4,4'-((1E,1'E)-[2,2'-bipyridine]-4,4'-diylbis(ethane-2,1-diyl))bis(2,5-dimethoxybenzaldehyde) (4;1 17 mg, 0.218 mmol) in dry MeCN (9 mL). The yellow suspension was stirred for 24 ha t90 8C. After cooling to RT,t he mixture was filtered and the residue was taken up with CH 2 Cl 2 .After evaporation of the solvent, the product was dried under vacuum. The 9, 156.5, 154.0, 151.4, 149.6, 149.6, 148.4, 145.5, 132.0, 129.9, 127.4, 120.9, 116.4, 110.8, 109.3, 109.2, 101.3, 66.3, 56.2, 56.2, 30.5, 19.1, 13.5 
Instrumental Methods
Spectroscopic ellipsometry data were collected from 400-1000 nm at a7 0 8 incidence angle on an EL X-02 PSpec apparatus (DRE Dr Riss Ellipsometerbau GmbH). Fits were performed by using the database of material files provided with the instrument. Electrochemistry data were collected on aG amry interface 1000. ALD of TiO 2 was performed at 120 8Cf rom Ti(OiPr) 4 and water in ah omemade hot-walled reactor.
Adsorption Tests
Si wafers were coated with TiO 2 to at hickness of several nanometers by using. The substrates before annealing (amorphous TiO 2 )o r after annealing (crystalline TiO 2 )w ere soaked in solutions of compound 5 or 6 (0.01 mm in DMSO, CH 2 Cl 2 ,o ra1:1v /v mixture) for 20 min. The samples were well-rinsed with pure solvent (or the solvent mixture) before performing the ellipsometry measurements. As an additional check, the samples were subsequently soaked in the solvent overnight and rinsed before the ellipsometry measurements.
Electrochemical Measurements
Differential pulse voltammetry (DPV) was performed in 5mm NaBF 4 solution in am ixture of CH 2 Cl 2 and DMSO (1:1 v/v). Compounds 5 and 6 were added to ac oncentration of 50 mm.T he parameters for the DPV experiments were as follows:v oltage range: À0.791 Vt o+ +1.209 V( vs. NHE), step size:2mV,s ample period: 0.25 s, pulse duration:0.05 s, pulse size:15mV.
Photochemical Measurements
Steady-state UV/Vis absorption spectra were recorded on PerkinElmer Lambda 2t wo-beam spectrophotometers. Fully corrected steady-state fluorescence spectra were recorded on aF luoroMax3 spectrometer (Horiba Jobin Yvon). Fluorescence lifetimes were determined by using the time-correlated single-photon-counting (TCSPC) technique on aF luorolog 3 (Horiba Jobin Yvon). The samples were excited with aN anoLED-405 (403 nm), and the signal was detected by aH amamatsu MCP photomultiplier (type R3809U-50). The time profiles were recorded at 500 nm.
Transient absorption measurements based on femtosecond laser photolysis were performed by using the output of aT i/sapphire laser system (CPA2110, Clark-MXR Inc.): 775 nm, 1kHz, and 150 fs full width at half maximum (FWHM) pulses. The excitation wavelength was generated by second harmonic generation (387 nm), with pulse widths of < 150 fs and energies of 200 nJ pulse -1 .T ransient absorption detection was performed by using at ransient absorption pump/probe system (TAPPS, Ultrafast Systems).
